Introduction
The genus Salix L. (willow) is a widespread and diverse genus with many potential uses. Many of the species are fast growing trees or shrubs with a high growth potential. Several species and hybrids have been studied for their use as a crop species including S. viminalis, S. eriocephala, S. udensis (syn.: S. sachalinensis), S. alba, S. ×dasyclados, and S. miyabeana. Willows also seem to have outstanding potential for the production of bioenergy [1] . Several species and hybrids can absorb metals or organic compounds and therefore could be used for phytoremediation [2] [3] [4] . The species Salix viminalis has potential of being an energy-crop [5] . Although most of the willow species studied have a high ability for vegetative clonal reproduction, their production can be expensive [6] . Biotechnological approaches (e.g., micropropagation, ovule, anther, and callus cultures) can easily produce a larger amount of clones which may reduce production costs.
Besides the significant economic importance of willows, the genus is important from a biogeographic and conservation context. Most high-mountainous willow species of Central Europe are relic taxa with fragmented distribution [7, 8] . Such populations are spatially limited, and many species are present only as a single gender (female) in particular regions (e.g.
S. herbacea, S. lapponum, S. bicolor).
The only possible unisexual reproduction mode of populations is by vegetative propagation. Therefore, the growth potential of these unisexual populations is limited and existing populations are fragile. Biotechnological approaches have the potential to improve the resilience of such populations with the addition of indigenous genotypes.
In general, trees have a very long generation period, but biotechnological methods can be used to shorten the time for their propagation. In vitro micropropagation by shoot apexes has been successful in several woody species, (e.g., Malus sp. [9] , Populus tremula [10] , Pyrus syriaca [11] , Tillia platyphyllos [12] , Salix nigra [13] and Salix tarraconensis [14] ), including some willow species and hybrids [15] (Salix ×dasyclados, Salix caspica, S. purpurea, Sorbus aucuparia [16] , and Syringa sp. [17] ). The main explants used for in vitro propagation are buds or shoot apexes [10, 11, 13, 16, 17] , and nodal segments [14, 16, 18] . Modified MS medium [19] and WPM medium [20] are frequently used for shoot propagation of woody plants supplemented by growth regulators (cytokinin and auxin) to induce whole plants [9, [11] [12] [13] 16] . Browning and death of explants, contamination or hyperhydratation are common problems facing the successful in vitro culture of woody plants. The survival of explants depends on the physiological stage of donor plants and on the season when explants are collected [9] .
Ovule and ovary cultures have commonly been used in the family Salicaceae for supporting interspecific hybridisation. There has been a long interest in the hybridisation of woody plants because of hybrid vigour (i.e. heterosis). Heterosis leads to an improved quality and amount of wood produced by these plants. Developed ovaries and ovules are usually dissected from female branches after interspecific cross-pollination with another genotype. These methods have been used for Salix spp. [21] and Populus spp. [22, 23] . The ovary or ovule cultures can help in this case by supporting the immature embryos after interspecific hybridisation.
The type of explants (ovules or ovaries) and the composition of media are important to the success of hybridisation. Poplar ovules are more successful than ovaries [22, 23] . Modified SH medium [24] containing BA has proven successful for hybridisation [21] , as has hormone free MS medium for ovaries of poplars [22, 23] . Both ovary and ovule cultures were successful in interspecific hybridisation of the genus Abelia [25] . The addition of coconut water to medium has added to the success of hybridisation in Abelia genotypes and in supporting hybrid embryo rescue in other plant systems [26, 27] . To our knowledge, our study is the first to use unpollinated ovules for hybrid embryo rescue in willows.
Another effective approach for hybridisation is anther culture but its success also depends on the plant material and methods used for propagation. Anther culture has successfully produced haploid plants of various fruit trees, ornamental trees, medical trees and species cultivated for economic and ecological gain [28] . The genotype, environment, physiological status of the donor plant, developmental stage of the microspore, culture conditions, media, carbon source and its concentration play crucial roles in the induction of androgenesis [29] . In the family Salicaceae, the androgenesis in S. viminalis [28] and in various poplar species were induced [29] using anther culture. The crucial factors in successful androgenesis were the concentrations of KIN and IBA or IAA in the developmental stage of the pollen grains. It has been postulated that only immature pollen grains have androgenic induction. The importance of the pollen stage was also mentioned by Hofer and Hanke [30] in anther culture of apple and cherry.
In vitro micropropagation methods can be enriched by callus culture, although knowledge about its potential for in vitro regeneration is still limited [28] . The most common explants used in callus culture are leaves in the family Salicaceae. The developing juvenile leaves of S. viminalis were used for callus induction on MS media supplemented with auxins (2,4-D; NAA; dicamba; IAA and picloram) and cytokinins (BAP, KIN, TDZ) [28] . Callus induction was also successful in S. exigua on media supplemented with 2,4-D and BA [31] and in S. viminalis using protoplasts [32] , or pistils [33] . When pistils were used, whole somatic embryogenesis was reported, and embryogenic calluses were obtained. Another approach successful for callus formation in two poplar hybrids was the use of immature pollen grains [34] .
The aim of this study was to test the relative success of a variety of biotechnological in vitro methods in propagating common and endangered willows. We attempted to improve the micropropagation (shoot and nodal culture), anther culture and callus culture using new sterilisation techniques and a new type of media. Cultures of unpollinated ovules were also examined for the first time in willows.
Experimental Procedures

Plant material
Plant material was obtained from natural willow populations in three locations within the Czech Republic. The origin of studied samples is summarised in Table 1 .
Micropropagation
Micropropagation experiments were conducted using shoot culture (with shoot apexes) and nodal culture (with nodal segments 2-3 cm long) from four willow species (S. alba L., S. hastata L., S. lapponum L. and S. matsudana Koidz.) ( Table 1 ). Samples were collected in April, May and July of 2010. Cultures were cultivated in a culture room with a 16 h day/8 h night cycle (light intensity 32-36 µmol m -2 s -1 ) and a temperature of 22±2 o C. Due to high load of wild pathogens, the two steps sterilisation of shoot apexes was applied. It was first tested on S. alba and S. matsudana. In the first step, shoot apexes were rinsed in 70% ethanol (1 min), sterilised by 2.5% chloramine (7 min), then rinsed in sterile distilled water (10 min) and placed on ½ MS medium in Petri dishes (Figure 1a ,b). In the second step, after 24 h of the shoot apexes being sterilised by 2.5% chloramine (2 min), they were rinsed in sterile distilled water (10 min) and then planted on MS medium in Petri dishes. After two weeks of cultivation, the explants were transferred onto the culture media (which we named as A, B, C and D; see Table 2 ) in the Erlenmeyer flasks (Table 2, Figure 1b ). After eight weeks in culture, the rate of shoot proliferation was determined, and adventitious shoots 2-3 cm long (with 4-8 leaves) were transferred on two types of rooting media -WPM1 or WPM2 (Table 2 ). Shoot apexes of S. lapponum were sterilised using the same two-step process, and the medium OK (Table 2 ) was used for micropropagation ( Figure 1a,c) . Altogether, 119 shoot apexes were cultivated.
For nodal segments of S. hastata a different sterilisation technique was used to study the effect of 0.1% PPM in the culture medium. The segments were first rinsed in 70% ethanol (1 min), then sterilised by 2.5% chloramine (7 min), rinsed in sterile distilled water (10 min) and finally placed on ½ MS medium in Petri dishes. After 24 hours half of the explants were placed on MS medium supplemented by 0.1% PPM (added to the culture medium after autoclaving).The remaining explants were sterilised in the same way as the shoot apexes: 2.5% chloramine (2 min), rinsed in sterile distilled water (10 min) and placed on MS medium without PPM. After two weeks, the nodal segments were transferred onto the OK medium. Altogether, 104 nodal segments were cultivated.
Ovule and anther cultures
For the in vitro propagation of willow trees with unisexual flowers (catkins), we used anther and ovule cultures. Immature anthers (with pollen grains in onenucleus stadium) were collected from male catkins and immature ovaries with ovules (ovules in megaspore no changes, necrotisation, growing without production of microcallus, microcalluses (≤2 mm) and calluses (≥2 mm). The growing calluses were transferred to a medium that supported organogenesis (F-medium) ( Table 2 ).
Callus cultures
Callus induction from leaves was examined in S. cinerea and S. viminalis (Table 1) . The leaves were first sterilised with 70% ethanol (for 2 min), then 2.5% chloramine (10 min), and rinsed in sterile distilled water three times. Small pieces of the leaves (approx. 1x0.5 cm) were placed on media with their adaxial side down. We placed five pieces on each Petri dish. We cultivated a total of 140 explants in the dark at a temperature of 27°C). The media used for callus formation is summarised in Table 2 . Two types of regeneration were recorded -microcalluses (≤2 mm) and calluses (≥2 mm). If there was no regeneration that was also recorded.
Results and Discussion
Micropropagation
Micropropagation efforts have been successful with Salix genera in the past [13, 14, 18, [35] [36] [37] . We used four of these species (genotypes) in our experiments: S. alba, S. hastata, S. matsudana and S. lapponum. The most important step for the initiation of an in vitro culture of trees is surface sterilisation of explants. We used a two-step sterilisation in our experiments with shoot apexes. In the past, more hazardous treatments were needed to avoid contamination. Mercuric chloride solutions (HgCl 2 ) [16] or sodium hypochlorite [18, 38] has been used to sterilize other of woody plants before micropropagation. In our experiments, 0.1% PPM was used for nodal culture of S. hastata. The PPM in the medium successfully reduced contamination. All of the nodes cultured without PPM were contaminated compared to 80% contamination in nodes cultured with PPM added to the growth medium. In future studies, concentration of PPM in culture medium could be increased to test whether contamination could be reduced further. The use of 0.5% PPM in culture media successfully reduced bacterial contamination for bud [28] explants in greenhouse and field-grown citrus trees (Citrus sinensis) [38] . Our study indicates that the composition of culture media can be important for micropropagation of Salix species, adding to previous observations of the importance of genotype, type of explant, and hormone treatments [14, 16] . Shoot apexes of S. alba and S. matsudana were tested on four types of media: A, B, C and D (for details see Table 2 ). The highest number of shoots was formed on medium A (5/explant), but plantlets were short and light green. On medium C (2/ explant) and medium D (2,2 shoot/explant), the plantlets often necrotised and vitrified (Table 3, Figure 1b) . Therefore, medium OK with minimal concentration of auxin and cytokinin (0.01 mg/l BA; 0.01 mg/l IBA) was used for shoot apexes of S. lapponum. With the medium OK plantlets appeared normal, were the longest (up to 6 cm), were green, and had significant rooting. The number of shoots growing on OK medium was among the highest with 2-6 shoots per explants (on average 3.5 shoots). We hypothesize that the OK medium was so successful for cultivation of shoot apexes because of the ascorbic acid in the medium (Table 3, Figure 1c ). Chalupa [16] described a culture media supplemented with a higher concentration of BA (0.6-1.0 mg/l), which stimulated better shoot formation. However, their shoots were short, and the length of their shoots decreased with increasing cytokinin concentration.
In vitro rooting of S. alba and S. matsudana was succesful on both WPM1 and WPM2 media ( Table 2) . Up to 100% of the plantlets rooted during a four-week period (Figure 1d) . Using WPM1 medium, roots were longer (S. alba: mean = 2.2 cm ; S. matsudana: mean = 2.9 cm) and richly branched, with all plantlets growing well (Figure 1g ). On the WPM2 medium, roots were shorter (S. alba: mean = 1.1 cm; S. matsudana: mean = 2.1 cm) and less branched ( Table 3 ). The WPM medium supplemented with auxins has been successfully used in the past for in vitro rooting of woody plants [12] [13] [14] 16 ].
Ovule and anther cultures
We conducted experiments with ovule and anther cultures because of the potential to conserve unisexual plantlets of selected willow genotypes (S. cinerea,
S. caprea, S. viminalis, S. herbacea, S. hastata, S. lapponum).
A total of 240 anthers and 1540 ovules were isolated and cultivated. The numbers of isolated anthers were lower than the number of isolated ovules because the endangered willows formed only female catkins, and our work focused on those endangered populations. Various media, which were also used for other genotypes, were used for cultivation of these endangered genotypes. We had better results with anther culture than ovule culture. We observed formation of microcalluses (6.7%) and calluses (1.7%) of S. caprea and calluses (1%) of S. viminalis (Figure 1e ) (Table 4 ). However, we observed no embryoids (i.e. the origin of microcalluses and calluses were from the somatic tissues of anthers). Embryoids have been observed in Populus spp. in the past [39] , and when cultivating anthers of apples and cherries [30] . The most successful medium for cultivation of anthers in our experiments was medium A. The same medium was succesful when cultivating Brassicaceae [40] and other genotypes. The other medium used for anther culture was successful in propagation of cucumber [41] . In a past study on the affect of medium composition on androgenesis induction in S. viminalis, it was concluded that a higher concentration of kinetin had a positive effect on anther cultures [28] . However, in our medium, we used a combination of different growth regulators: NAA and BA. Two of the growing calluses (one of S. caprea and one of S. viminalis) were transferred to F-medium. However, no organogenesis was observed during cultivation on the F-medium in three months of cultivation. There were no changes during anther culture of the other genotypes and other media we tried. Cultivation of ovules was not as successful as in previous studies. We did not observe any calluses while evaluating regeneration and did not see any changes to isolated and cultivated ovules in most cases. However, a small number of the ovules of S. viminalis and S. herbacea (Table 4) showed growth changes (2.6%) and microcalluses (1.2%). We did not notice any embryoids during our cultivation of ovules. Microcalluses formed from somatic tissues as was the case in anther cultures. In Salicaceae, further work is needed to develop a successful protocol for unpollinated ovule cultures. We tested previously reported protocols that have been successful in other species for pollinated ovules after both intraspecific hybridisation [41, 42] and interspecific hybridisation (especially in Populus spp.) [22, 23] . As mentioned above, the best results for growing ovules and microcalluses were repeatedly observed in the medium CP (Table 4) . This medium has been used successfully for other cultivation of other species (e.g. Cichorium sp. [43] ; Helianthus sp. [44] ; Cucumis sp. [45] ). In previous experiments with this medium, there was some growth of seedlings in chicory (0.76%) [43] and sunflower (2.2-2.3%) [25] . However, microcalluses were only produced in the cucumber experiments [45] . During ovule and ovary cultures, we observed necrosis of the many of the explants (6.5% of the ovules were necrosed). For comparison, in studies with poplar ovules 8.2% [22] and 7.8% were necrotic [23] .
Callus cultures
Leaves of S. cinerea and S. viminalis were successfully used for callus induction (140 explants were cultivated), on two types of media. The first medium we used was MSC medium, which is usually used for callus induction because of the specific concentration of growth regulators NAA and BA (for example for Cucumis spp.) [46] . The second medium we tested was medium SV supplemented with 2,4-D and BA [47] . The combination of 2,4-D and BA is rather common for this type of callus induction in S. viminalis [33] and S. exigua [41] . Nevertheless, we had better results for our explants using the MSC medium: formation of microcalluses and calluses of S. caprea and calluses of S. viminalis (Figure 1f) . Results of our callus induction attempts are summarised in Table 5 . We did not have success with the SV medium. There have been reports that the other media will support callus induction of various plant tissue, such as LS medium [48] with NAA and BA or WS medium [49] with 2,4-D and BA [50] . Those experiments produced whole plants from callus cultures. We observed formation of microcalluses and calluses and transferred calluses of both species (S. caprea and S. viminalis) to F-medium, which assisted organogenesis. We also observed root formation in a small number of samples of the pistillate genotype of S. viminalis during long-term cultivation. Whole plant regeneration would require further experiments.
Conservation implications
Our micropropagation attempts using shoot and nodal segments as well as anther, ovule and callus cultures in Salix species were successful. The protocol we describe could be applied in the conservation of endangered willow species and thus assists in re-introduction of native genotypes. Due to the minimal damage to living wild individuals involved, our biotechnological approach is a promising way to considerably enrich fragile and fragmented populations, often consisting of a single gender. Our approach would be especially useful when combined with population genetic analyses of such populations to develop an effective willow management and conservation strategy. 
